Due to a number of practical difficulties, both in-and on-line measurements of the rheological properties of complex systems during extrusion are usually performed at the end of the extruder, under very specific experimental conditions. This makes this type of instruments more useful for quality control than for process optimisation, since information about the influence of the geometry and/or processing conditions on the evolution of the material characteristics inside the extruder is not easily gathered. Recently, however, the authors have developed an on-line capillary rheometry system that overcomes most of the existing problems and allows small amounts of sample to be tested in very near real time, along the extruder. The present work aims at illustrating the usefulness of this concept for the study of physical compounding processes and some reactive systems. Two very different systems will be used for that purpose: a reactive extrusion process (the peroxide-induced thermal degradation of polypropylene) and the dispersive mixing involved in the preparation of thermoplastic/carbon fibre composites.
INTRODUCTION
Despite its obvious relevance for polymer processing operations, such as the possibility for process monitoring, quality control, process control or process optimisation (see, for example, [1] ), in-and on-line measurements of the rheological properties of polymeric systems during processing have been hindered by a number of practical difficulties, specially those associated with accessing the flowing melt in order to make a measurement and with the testing conditions, e.g. required measuring time. In practice, on-line rheological tests are normally performed at the end of the extruder [2] [3] [4] , after diverting a small amount of melt from the main stream. Most of these devices contain some form of capillary viscometer where the melt shear rate is controlled by means of descending pistons, as in regular offline laboratory devices, or using gear pumps (see, for instance, Coates [3] ). January/February 2002 evolution are known to take place. Each sampling device contains a rotating valve and an aperture for sampling removal, as well as a pressure/melt temperature transducer (2) . In Fig. 1a one of the rotating valves has been replaced by the on-line capillary rheometer (3) . In this, the rotational motion of a portable controlled-stress rotational rheometer (Paar Physica MC-1) (C) is converted to a linear vertical one, thus allowing an attached piston to be driven down and push the material through a replaceable die. Fig. 1b presents the configuration of the assembly that induces the filling of the reservoir of the rheometer with fresh melt. The lateral circular orifices machined in the barrel of the extruder (A) and wall of the reservoir (4) are aligned. Pressure-induced flow will quickly transfer material from the extruder to the reservoir, filling the free volume between the piston (5) and the die (6) . Upon rotation of its body (3) , the apparatus will become isolated from the extruder, and a measurement can be undertaken while the extruder operates normally. As shown in Fig. 1c , like in conventional capillary rheometry, the piston (5) travelling at a set speed (determined by the rotating rate of the Paar Physica MC-1) will push material (7) through the die (6) . The torque is recorded (instead of the pressure drop) and used to determine the apparent The authors have been using successfully sample-collecting devices that can be inserted between barrel segments of a twin screw extruder, in order to remove quickly relevant samples of material from within the machine, thus enabling the off-line monitoring of the rheology, morphology or chemical evolution of various polymer systems along the screw axis (Machado et al. [5] ). Recently, these devices have been modified and the concept of an on-line capillary rheometer was proposed [6] . The system allows sample collection to be performed anywhere along the extruder where positive melt pressure is developed and measures, in very near real time, its shear viscosity. The apparatus should be particularly useful in its ability to monitor on-line the evolution of the rheological response of reactive compounding and polymer reinforcement processes, as the data obtained provides an insight into the evolution of chemical conversion and/or morphology development that occurs along the extruder.
The current work aims at illustrating the usefulness of this concept for the study of two different systems: a reactive extrusion process (the peroxide-induced thermal degradation of polypropylene) and the dispersive mixing involved in the preparation of thermoplastic/carbon fibre composites.
EXPERIMENTAL APPARATUS
The experimental apparatus used in this work and shown in Fig. 1 has been described and validated elsewhere [6] . Fig. 1a depicts a typical layout of the instrumented extruder. Various sample-collecting devices (1) have been inserted between adjacent barrel segments of the extruder (A). In the specific configuration represented, from the hopper (B) towards the die (not represented) three groups of sampling devices have been positioned along the barrel. These correspond to the existence of dispersive mixing zones comprising staggering kneading blocks or lefthand elements in the screw, i.e., locations where melt pressure develops and the most important changes in chemical conversion or morphology wall shear stress [6] . In turn the apparent wall shear rate can be readily calculated from the downward speed of the piston that, in turn, is determined from the angular speed being imposed by the rheometer. [6] The usual Bagley and Rabinowitsch corrections to the data are then performed in order to yield true values for the wall shear rate and stress. Careful calibration procedures accounting for existing friction between moving parts have also been developed [6] .
PEROXIDE-INDUCED, THERMAL DEGRADATION OF POLYPROPYLENE
Upon processing, the development of intense stress fields, relatively high temperatures and the presence of oxygen can promote chemical reactions within the melt. Changes both in the molecular weight and molecular weight distribution caused by chain scission or crosslinking and in chemical composition due to oxidation have been reported [7, 8] . If these reactions are uncontrolled, degradation will inevitably lead to an unwanted loss of product performance. However, chemical reactions can also be used successfully to enhance certain polymer characteristics [9] [10] [11] [12] . Branching or crosslinking of polyethylene using peroxides or silanes and degradation of polypropylene by peroxide initiation are now classical examples of such reactions. For example, the degradation of PP initiated by peroxides yields grades with lower molecular weight and/or a narrower molecular weight distribution [13] .
The main aim of this section is to present a study on the influence of the operating conditions and peroxide content on the evolution of the shear viscosity of the melt during processing of polypropylene, along an intermeshing corotating twin-screw extruder. In order to gain a better insight into the reaction kinetics involved, the true melt temperature and shear viscosity were measured at different locations along the barrel of the extruder via the sampling devices and the on-line rheometer discussed above, respectively.
MATERIALS AND PROCESSING CONDITIONS
The polypropylene selected for this work was an injection-moulding grade supplied by DSM and the peroxide used as the initiator for the degradation reactions was 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane (Trigonox 101: DHBP), provided by Akzo Nobel. The half-life time of the peroxide is 6.1 s and 1.2 s at 200˚C and 220˚C, respectively.
Polypropylene by itself and in presence of peroxide was processed in a laboratory modular Leistritz LSM 30.34 intermeshing co-rotating twin-screw extruder using the configuration illustrated in Fig. 2 and the experimental conditions shown in Tab. 1 (flow rate was kept constant at 2.3 kg/h). As explained previously, sample collecting and rheological measurements were carried out at zones where intensive mixing took place. No special precautions against the presence of oxygen were taken.
RESULTS AND DISCUSSION
The evolution of the shear viscosity along the barrel of the extruder for the PP homopolymer processed alone is presented in Fig. 3 . After a small but consistent increase, which is probably due to the melting mechanism developing in this type of processing equipment, within the experimental error the viscosity remains essentially constant along the screw. This behaviour should be expected, considering the relatively low thermal and mechanical efforts being applied to the melt under these operating conditions. The different curves can also be easily discriminated, despite the similar operating conditions adopted. The explanation is given in Tab. 2, which pre- Fig. 4 demonstrates the influence of peroxide content on the evolution of the shear viscosity along the barrel of the extruder for PP processed at 200ºC and 75 rpm, in terms of reduced viscosity, i.e. taking the behaviour of the homopolymer alone, at each location, as the basis of comparison. The higher the peroxide content, the lower the viscosity, as expected. More importantly, the reaction occurs very quickly and very early in the extruder. For example, when 0.05 % DHBP is added to PP, the viscosity remains essentially constant from the end of the first mixing block onwards. Increasing the peroxide content to 0.1 % did not have a large effect on the reaction kinetics, i.e., the reaction is also essentially complete by the end of the first mixing block, although the overall effect is increased, in accordance with recent predictions by Berzin et al. [14] .
The observed rheological behaviour can be explained by the chemical reactions occurring during melt processing of polypropylene in the presence of peroxide. The decomposition of peroxide yields free radicals, which abstract Hatoms from the polyolefin backbone. Due to the chemical structure of polypropylene, chain scission of the polypropylene radicals occurs and, thus, a material with lower viscosity and elasticity is obtained [7, 8] . The development of this degradation along the extruder is related with peroxide decomposition, which depends on the melt temperature and residence time at each location. Obviously, apart from melting the polymer by a combination of mechanical smearing and more effective heat transfer, the significant rate of generation of interfacial area promoted by the first staggering kneading block (see Fig. 2 ) also facilitates the chemical reaction.
Also, as indicated by Tab. 2, there are some indications that the reaction may be exothermic, since: a) The melt temperatures for both peroxide concentrations are comparable despite a threefold increase in viscosity when the peroxide content decreases twofold, from 0.1 % to 0.05 % and b) There is a relatively large (almost 10˚C) melt temperature increase after the first kneading block for 0.1 % peroxide content, despite the fact that (as indicated by the melt temperature at the die exit) viscous heating is practically non-existent. Although this evidence is by no means definitive, if real, this effect could be associated with the formation of free radicals during the scission of the polypropylene homopolymer.
Finally, Fig. 5 compares the evolution of the viscosity of PP with 0.05 % DHBP with that of PP, for various operating conditions. The results indicate that the behaviour of the former mirrors that of PP, albeit for lower absolute values of the viscosity, i.e. the trends in both shear viscosity and true melt temperature are similar. They also confirm that the reaction occurs very quickly as, again, the viscosity does not change along the extruder.
CONCLUSIONS
The main aim of this section was to monitor on-line the influence of the processing conditions and peroxide content on the evolution of the rheological properties of the melt during peroxide-induced, thermal degradation of polypropylene, along an intermeshing co-rotating twin-screw extruder.The rheological data, complemented with real temperature measurements, showed that the reaction occurs extremely quickly, i.e. in the first mixing section, which means that a shorter extrusion system would suffice for the purposes of this work, and may be exothermic. It could also be used to quantify the induced degradation (using a correlation between viscosity and average molecular weight). This information is useful for validating the predictions of recently proposed models of polypropylene peroxide-induced degradation [14] .
MONITORING OF FIBRE DEGRADA-TION DURING THE EXTRUSION OF THER-MOPLASTIC/CARBON FIBRE COMPOSITES
Carbon fibre composites are often used in hightechnology applications due to their good mechanical (tensile modulus and strength), thermal and electrical properties. In the particular case of short-fibre composites, not only conventional polymer processing techniques such as extrusion and injection moulding can be used in the manufacturing of the final part, but the compound can also be prepared in a twin-screw extruder. In fact, this initial compounding stage is of crucial importance in terms of the final properties of the composite since it is known that fibre breakage occurs mainly in the transition from the solid to the molten state in the extruder [15, 16] .
The present section aims at showing the example of the use of on-line rheometry in the monitoring of the evolution of short carbon fibre/thermoplastic composite properties upon compounding. On-line capillary rheometry will be used to measure the rheological response of a PP-based carbon fibre composite along one mixing section of an intermeshing co-rotating twin-screw extruder, while sampling devices will provide material for estimating the actual fibre length by optical microscopy.
MATERIALS AND PROCESSING CONDITIONS
The Polypropylene-carbon fibre composite consists of a Montell PP grade (Moplen F30F, MFI = 14) and 12% w/w fibres supplied by Kureha Chemicals GMBH (Kcreca chop C-106T). These are ex-PAN with a length of 6 mm, and L/D above 330 (data from the manufacturer). Due to practical difficulties in feeding the fibres directly into the gravimetric feeder coupled to the extruder, plaques of composite were previously compression moulded and milled. After these operations the average fibre length was measured as 2.83 ± 1.33 mm.
The experimental work was performed on a Leistritz LSM30.34 modular co-rotating twin-screw extruder with a first mixing section after feeding the material made up of eleven kneading blocks staggered at 90˚ (see Fig. 6 ), thus assuring melting and homogenisation. Experiments were carried out at the beginning (A) and end (B) of this mixing section under the processing conditions depicted in the figure.
RESULTS AND DISCUSSION
The shear flow curves for the virgin PP and for the composite are presented in Fig. 7 . Both systems are shear-thinning, with the composite showing higher viscosity levels, as expected. However, no difference could be detected within experimental error between samples tested at locations A and B, i.e. over the whole length of the mixing section, despite the anticipated occurrence of fibre degradation. In fact, this degradation was confirmed by measuring the fibre length for samples collected at these two locations. The results indicate that at the beginning of the section the fibre length has diminished from the initial 2.83 ± 1.33 mm to 1.50 ± 0.84 mm and, at the end, to approximately 0.90 ± 0.33 mm. The reason for this rheological behaviour is unclear, a possible explanation being that the fibres at the beginning of the section already have a L/D ratio that is too small for subsequent degradation to have an influence on fibre alignment (and, consequently, the flow properties of the composite). In this case the governing factor in the rheological behaviour is the total fibre area present in the system, which is constant, despite the fibres themselves getting shorter as the melt flows through the section. Alternatively (or, possibly, in addition), the adhesion between the fibres and the matrix may not be high enough to warrant significant differences in the shear behaviour of the composite between the beginning and the end of the mixing section.
Apart from shear flows, it is also relevant to study extension dominated flows, such as the one that occurs in the entry from the reservoir into the capillary, since the stresses involved in these flows are much higher than those involved in shear flows and the results will be probably more sensitive to changes in fibre length. An approximate measure of the extensional viscosity can be obtained from the entry pressure drop that occurs at the contraction (see, for example, the analyses of Cogswell [17] and Binding [18] ). This can be done by means of the Bagley correction and the results, expressed as the torque corresponding to entry effects (M 0 ) versus wall shear rate, are shown in Fig. 8 . It is now possible to discriminate the rheological behaviour at locations A and B, i.e. to identify fibre degradation in the composite, since the entry pressure drop for low shear rates (and, hence, lower degrees of alignment with the flow) is much higher at the beginning of the mixing section than at the end. At high shear rates, the fibres are already fully aligned and, thus, again, it is to be expected that fibre length will have little or no influence on the rheology of the composite.
In Fig. 8 there is a small but noticeable decrease in M 0 between locations A and B of the virgin PP, which is in fact coherent with the slight difference in the shear viscosity at shear rates above 40 s -1 that can be perceived in Fig. 7 . Although this could be partially due to experimental error, it could also be an indication that some degree of PP degradation is indeed occurring.
CONCLUSIONS
This section focused on the influence of the compounding conditions on the rheological properties of PP-carbon fibre composites. This was accomplished both via optical microscopy performed on samples collected along the extruder and on-line rheometry. Fibre degradation takes place as the material progresses along the screw and this influences the rheological properties of the composites. It was concluded that fibre degradation occurs predominantly during melting of the thermoplastic matrix, i.e., at the beginning of the mixing section, this effect being so severe that virtually no differences in the rheological behaviour of the composites are observed in shear flow, after that, i.e. between the beginning and the end of the mixing section. It is only in extension dominated flows that differences become apparent, since these are more sensitive than shear flows to variations in morphology and, as thus, to fibre length. From the process point-of-view, this means that the processability of these materials will not change significantly, as long as the flow inside the extruder is shear dominated.
GENERAL CONCLUSIONS
Since the rheological response of a mobile system can be correlated with its macromolecular structure and morphology, the possibility of carrying out rheological measurements along the barrel of a twin screw extruder provides an important tool for understanding the evolution of the morphology and chemical conversion of specific systems. Process control and optimisation can then be improved, and the experimental validation of modelling efforts carried out. The on-line capillary rheometer used in this work is capable of making quick measurements (in circa 15 seconds) of the shear viscosity within a limited shear rate range (typically between 1 and 500 s -1 [6] ). Therefore, it can be of use to study physical compounding processes and selected reactive systems. Conversely, as with conventional off-line capillary rheometry, the induced
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Applied Rheology January/February 2002 deformations will modify the morphology present in some systems, such as polymer blends, which constitutes an obstacle to the use of the rheometer in the study of this type of materials.
